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Abstract
Since its discovery, graphene has attracted worldwide attention in the scientific community owing to its unique
combination of properties. Thus, graphene is an ideal second phase to improve the structure and properties of metal,
ceramic and polymer composite materials. This work presents a comparative study of two types of alumina-graphene
composites fabricated with two sizes of d-Al2O3 powders, nanometer and submicrometer, reinforced by graphene
nanoplatelets (GNPs) and consolidated with the spark plasma sintering technique. The microstructure, mechanical
andtribologicalpropertiesofAl2O3-GNPscompositesare influencedbythegrain sizeof theceramicmatrix.Hardness
values improve notably. The maximum value reached was 27.4 GPa for a composite fabricated with nanometric
alumina powders, which is about 27 % higher than that of the Al2O3 monolithic material. Also, the methodology
of powder mixing has a fundamental importance in obtaining materials with high-level properties.
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I. Introduction
The technical interest in graphene application started
with the publication of the work of Novoselov and Geim
in 2005 1. This scientific team synthesized graphene from
graphite by means of mechanical exfoliation. Since then,
its various exceptional properties have allowed graphene
to occupy a relevant space amongst other materials, and
graphene has become one of the more plausible alterna-
tives to carbon nanotubes in different applications 2 – 7.
Unlike a monolayer graphene, multilayer graphene
nanosheets (MGN), graphene nanosheets (GNS) or
graphene nanoplatelets (GNPs) are formed by several
layers of graphene with a thickness up to 100 nm. GNPs
haveverydistinct characteristicswhich, in the caseof com-
posite materials, make them very good nanofillers. Those
characteristics include excellent mechanical properties,
a large specific surface area and a geometry presenting a
two-dimensional high aspect ratio 2 – 8.
This material features a unique combination of electri-
cal, mechanical and thermal properties 8 – 10, and recently
showed anti-cancer potential 11. Several scientific works
report the increment of fracture toughness and electrical
conductivityup to 238%and1000S/m, respectively 12, 13.
Therefore, graphene can be potentially used as a struc-
tural or functional material; moreover, there are electrical
applications, for example, as a protective cover with mi-
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crowave shielding ability 14. It seems that the results de-
pend on the kind of ceramic matrix. The use of nanograins
of alumina could improve the final properties of these ma-
terials for multifunctional applications 15 – 17. One of the
clear advantages of graphene is derived from its surface
area (e.g. a single layer of graphene shows 2630 m2/g).
Therefore, it can be very efficiently used to improve the
properties of composites when used as a second phase, i.e.
full coverage of amatrix could be obtainedwith only small
amounts of graphene (less than 1 vol%) 18.
The spark plasma sintering technique (SPS) is current-
ly used to obtain ceramic-graphene composites; this
non-conventional technique preserves the integrity of
graphene flakes from structural defects by minimizing the
process time at high temperature. An additional applica-
tion where graphene can excel is in the field of solid lu-
brication by protecting the coated surface 19, 20. A second
phase layer of graphene will induce a significant reduction
ofwear owing to a decrease in the friction forces produced
between surfaces in contact onmicrometric and nanomet-
ric scales 21 – 24. However, looking in another direction,
in order to explore graphene’s full potential, tribological
studies in the ranges of submicro- and nano-scales need
to be completed, hitherto little work has been carried out
and scope remains for the discovery of new applications.
Untilnow, theuseof ceramiccompositeshasmainlybeen
developed within commercial applications, as wear-resis-
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tant coatings rather than structural body parts. Howev-
er, to overcome typical drawbacks of ceramic composites
such as brittleness under severe stress, ceramic composites
have been reinforced with different carbon-based solu-
tions like carbon nanofibers 19, 25, carbon nanotubes 3 – 6,
or whiskers 26, 27. The aim of this paper is to demonstrate
the successful fabrication of alumina-graphene compos-
ites by employing alumina submicro- and nano-powders
obtained by means of the oxidation of aluminum in an air
plasma jet andusing non-conventional techniques, such as
spark plasma sintering. To the best of our knowledge, this
is the first report on suchnovel compositeswith nano-alu-
mina powders (particle sizes less than 50nm). The effect of
GNPs on the structure, morphology, tribological andme-
chanical properties of the composites sintered bymeans of
SPS was studied and discussed.
II. Experimental
(1) Composite preparation
Toobtain the advanced ceramic composites for the study,
mixtures of alumina and graphene powders were used.
For sample preparation, two particle sizes, nanometer and
submicrometer, of d-Al2O3 powders were obtained by
means of the oxidation of aluminum in an air plasma jet
and supplied by IMETRAS (Moscow,Russia), 45 ± 10 nm
and 150 ± 15 nm, respectively were used.
Graphene nanoplatelet powders (GNPs), supplied by
Graphene-tech (Zaragoza, Spain),wereproducedwith the
ultrasonic exfoliationmethod.Themorphologyof thedif-
ferent starting powders is shown in Fig. 1; Fig. 1c shows
themultilayer scales of graphenewith an average thickness
of 3 nm (about 5 atomic layers) and 10 x 10 μm2.
d-Al2O3 powders and 0.5wt% GNPs were dispersed in
ethanol and then mixed in an ultrasonic bath under me-
chanical stirring.After that, the powdermixturewas dried
at 78 °C for 1 h on a heating plate to completely remove all
the dispersant.
Finally, Al2O3-GNPs powders with nano and sub-mi-
crometer particle sizes of alumina were sintered under
vacuum with the spark plasma sintering technique (SPS,
LABOX-625, SinterLand, Nagaoka City, Japan), where
the powder was placed in a graphite die with an inner di-
ameter of 15 mm. The sintering temperature was estab-
lished at 1500 °Cwith a holding time of 10min at themax-
imum temperature under an applied pressure of 50MPa
and a heating rate of 100 K/min. The optimum SPS con-
ditions were chosen based on other studies carried out
by the authors 20. Afterwards, the sintered samples with
2 mm thickness were polished in order to complete mea-
surement and analysis.
Fig. 1: FESEM images of the starting powders: (a) nanopowder d-Al2O3, (b) sub-micrometer powder d-Al2O3,and (c) graphene nanoplatelets
(GNPs).
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(2) Characterization
The bulk density of the samples was measured using the
Archimedes’ principle by immersing it into a water-based
liquid (ASTM C373 – 88). The hardness values were mea-
sured along the diameter of the sample using the Vickers
indentationmethod at a load of 20N applied for 10 s (FM-
800 Future-Tech, Kawasaki-City, Japan).
Nanomechanical properties such as hardness (H) and
Young’s modulus (E) of samples were obtained by means
of the nanoindentation technique (Model G200, MTS
Company, USA). To carry out very low depth indenta-
tions, a brand new Berkovich diamond tip was used with
a radius of less than 20 nm as certified by the manufac-
turing company. In order to ensure the quality of the tip
throughout the work, pre- and post-calibration proce-
dures were performed for this indenter, ensuring the cor-
rect calibration of its function area and correct machine
compliance. Before the nanoindenter testing, the samples
were prepared with metallographic techniques. After the
samples had been cut, their surface was lapped and then
polished with diamond paste, with a final 0.25-μm pol-
ish. The nanomechanical properties of the Al2O3-GNPs
composites were evaluated from the load-displacement
nanoindentation data using the widely accepted Oliver
and Pharrmethod 28. An array of 25 indentationswas per-
formed at a constant 2000 nm depth on arbitrary zones of
the sample, ensuring that a representative zone was ana-
lyzed. The location of each test was guided by an optical
microscope.
The bending strength of composites was determined in
theQuasar 50machinebyconductingbending tests to fail-
ure, using methods for brittle materials 29.
The morphology and microstructure of the fracture of
the sampleswere characterizedusing a field emission scan-
ning electron microscope (FESEM, ZEISS ULTRA 55,
Oxford Instruments). A transmission electron micro-
scope (TEM, JEOL JEM-1010, Japan) was employed to
investigate the distribution of the GNPs in the alumina
matrix.
The Raman spectra measurements were performed at
roomtemperatureusing aRenishawvia spectrometerwith
k=532nmlaser.Theopticalmicroscopywasused to locate
spot areas with 3 mm diameter for the following sample
analysis. The incident power was carefully programmed
to avoid laser-induced heating.
Sliding wear tests were conducted in dry conditions in a
tribometer pin-on-disc (ball-on-disc configuration) man-
ufactured by MICROTEST MT2/60/SCM/T (Madrid,
Spain), according to the ASTM wear testing standard
G99 – 03 30. As a counter material, a ball of a-Al2O3 pro-
duced by GMS Ball Co Ltd. with 2400 HV10 and 6 mm
radius was used. The tests were performed under 40 N of
contact load, sliding speed of 0.1 m/s, sliding distance of
2000 m and a wear track radius of 3 mm. Environmental
conditions were controlled in all tests to a temperature
of 23 ± 2 °C and 60 ± 2% relative humidity. In order to
obtain enough representative values, a series of three tests
for each material was conducted. The sample surface was
polished down to 1 μm and cleaned before and after the
wear test. Wear track surfaces were examined with a scan-
ning electron microscopy (SEM, JEOL SM-6300, Japan).
The wear rate of each material was calculated according to








where Vwear is the wear volume loss in mm3, FN is the
applied normal contact load, expressed in N; and S is the
sliding distance in m. The wear volume loss, Vwear, was
determinedbasedonthemeasuredmass lossof the samples
dividedby thebulkdensityof eachone.Thewearmass loss
was obtained byweighing the samples before and after the
test.
III. Results and Discussion
(1) Structure and microstructure characterization
Raman spectroscopy was used to confirm the structural
integrity of the graphene in the composites after the sinter-
ing process. Fig. 2 shows the Raman spectra of graphene-
alumina composites sintered at 1500 °C. These spectra
of the sintered composites (nano and sub-micro confirm
that the graphene was only little or not damaged at all
during the spark plasma sintering. In the Raman spec-
tra, the position, width, height of the 2D band, as well as
the JD / JG intensity ratio characterize the structural state
of graphene itself 32. There are three important bands for
graphene characterization: the D-band (band of defects,
at ∼ 1351 cm-1) corresponding to the breaks in the trans-
lational symmetry of the hexagonal lattice, the G-band
(at ∼ 1580 cm-1) related to the C-C tangential vibrational
mode of graphene-like surfaces and the 2D band which is
sensitive to the aromatic C-structure at around 2695 cm-1
ascribed to the G+D combination mode induced by dis-
order of the D+D′ band. In the case of ceramic compos-
ites, the increase of ID/IG ratio corresponds to an increase
in the amount of disorder enhancement and a decrease in
the mean crystal size as reported in a previous work 33, 34.
Fig. 2: Raman spectra of sintered samples by SPS: (a) Al2O3-GNPs
nanocomposites and (b) Al2O3-GNPs sub-micrometer composites.
The 2D band of the nanocomposite consisting of two
small peaks was numerically fitted by two Lorentzian line
shapes as shown in Fig. 2a, where graphene has less than
five layers and a doublet or multiple 2D band can be dis-
tinguished as revealed in previous results 35.
4 Journal of Ceramic Science and Technology —E. A. Klyatskina et al. 2018
The increase in disordering in graphene, caused by a
decrease in the grain size of the surrounding nano alu-
mina matrix and, correspondingly, an increase in internal
stresses, leads to an apparent broadening of the 2D peak.
However, its position (2690 cm-1) persists, which indi-
cates the absence of graphene degradation. At the same
time, it can be seen that the ratio of JD / JG decreases
from 1 to 3, which may indicate partial amorphization of
graphene 36.
In this study, it is shownthat the allotropic formofGNPs
is maintained in both types of composite obtained with
SPS. For the nanocomposite, wider peaks are observed
(Fig. 2a), the intensity ratio is greater than for sub-micro
composites (Fig. 2b). Studies carried out in different sec-
tions showed the reproducibility of the results.
Sintered Al2O3-GNPs composites were fractured and
theirmicrostructureswere examined.Fig. 3 shows theFE-
SEM images of the fracture surfaces of the composites. It
should be noted that after the SPS process the matrix grain
size is much bigger in comparison with the particle size of
the starting powders (Fig. 3a, b). The size of particles in-
creased from nano and sub-micro size to several microns
(Fig. 3c, d). It is important to note that a difference in the
grain size between nano and sub-micro composites (see
Fig. 3e, f) is observed. The grain growth is limited owing
to the short cycle of sintering and fast heating of materi-
als 37.
Fig. 3: FESEM images of fracture surfaces of: (a, c, e) Al2O3-GNPs nanocomposites and (b, d, f) sub-micrometer Al2O3-GNPs composites.
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In Fig. 3e and 3f, it can be seen that the GNPs are placed
inside the matrix grains. This allows the deduction that
GNPs are distributed primarily at the boundary of the
new grains formed during the SPS process. It is possible
to conclude that the distribution of GNPs reduces the
surface energy of the grain boundary, contributing to
the stability of grain size or other properties of the
material. The pulling-out length from alumina grain due
to the interfacial friction between sheets and matrix is
beneficial to improving the fracture toughness of the
composite 38. The addition of GNPs to the composite
structure leads to a greater compression of the sample
during sintering, which further leads to an increased
contact level in the surface area between the powder
particles, hence leading to the destruction of the sample
following specific lattice failure patterns. The ductile
fracture dominates under brittle mode and is determined
by the mechanical properties of the powder particles. The
recrystallization process during sintering does not affect
the position in the matrix grain boundaries. The particle
size and morphology of GNPs are not affected by the
SPS since this process involves simultaneous synthesis
and densification in a single step at comparatively low
temperatures 39.
The microstructure of the composites was characterized
by means of TEM. Fig. 4 shows TEM images of a sub-mi-
crometric composite, indicating the high interfacial com-
patibility and wetting of GNPs to the matrix.
Fig. 4a shows that the GNPs are homogeneously dis-
tributed in the ceramic matrix. No intermediate phases
could be detected at the interface, which shows that the
GNPs and matrix are physically bonded together. TEM
images show that the alumina phase has not changed and
the electron diffraction data shown in Fig. 4b correspond
to the alpha phase.
The location of the graphene within the composite
structure is an important aspect. There are two kinds of
GNP locations, at the grain boundaries and within the
grains. On the one hand, it can be seen from Fig. 4a that
inside alumina grains there are nano-particles presenting
a scaly shape of a thickness of less than 1 nm. On the
other hand, additional investigation in the dark field of
the second phase, in contrast to the emission of carbon
reflexes, showed the presence of graphene platelet shapes
(Fig. 4b). Another important aspect is that during the
SPS process the transition phase of alumina c-Al2O3 to
a-Al2O3 occurs along with grain growth caused by the
migration of grain boundaries. As a result, graphene can
be located inside and/or on the grain boundaries. The
graphene nanoplatelets were found around small matrix
grains and not around big ones. Therefore, the GNPs’
presence inhibits alumina grain growth.
The mechanical properties and density of sintered sam-
ples are compiled in Table 1. The composites show densi-
ty values above 98% of theoretical density, which is less
than for the pure alumina sample.As regards themechani-
cal properties, it can be seen that Al2O3-GNP composites
exhibit highermechanical properties than those of the alu-
mina monolithic sample without graphene. Furthermore,
the mechanical properties of all composites have been sig-
nificantly improved. The hardness of the Al2O3-GNPs
nanocomposites reaches amaximumvalue, which is about
25 – 30% higher than that of the Al2O3 monolithic ma-
terial and about 6 – 8% higher than sub Al2O3-GNPs.
The hardness values obtained for nanostructure compos-
ites are superior to those presented in previous studies of
other authors with micrometric composites 40.
Fig. 4: TEM images of Al2O3-GNPs sub-micrometer composites: (a) bright field (BF) image with selected area diffraction pattern of Al2O3
grain and, (b) dark field (DF) image with bright zone indicating GNP locations (yellow arrows).
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Table 1: Density and mechanical properties of sintered samples.








Sub Al2O3*) 3.99 ±0.01 99.8±0.25 22±2 200±20 380±10
Sub Al2O3-GNPs 3.91±0.01 98.1±0.25 21.3±0.7 210±22 453±10
Nano Al2O3-GNPs 3.95±0.01 98.9±0.25 27.4±0.3 260±10 456±20
*) previous work 39
**) previous work 41
The evolution of the nanomechanical properties of
Al2O3-GNPs composites – hardness (H) and Young’s
modulus (E), depending on penetration depth – can be
seen in Fig. 5. The nanoindentation technique mainly de-
veloped by Oliver and Pharr has provided a reliable way
to measure hardness and Young’s modulus simultane-
ously by sensing the penetration depth of the indenter.
The variations of the nanohardness values are small for
all Al2O3-GNPs composites. N.S. Karthiselva et al. have
mentioned in a previous work that the sub-micromet-
ric sintered alumina samples without graphene achieved
higher results for density, microhardness and strength
than the nanometric alumina samples 40.
The arithmetic average of H and E values was calculated
between 300 and 1000 nm depth ranges adopted to avoid
crackgross effect in thedeeperpenetration. It is possible to
observe that the H curve has a small tendency to decrease
from 800 nm of depth penetration in the nanocomposites.
This could be due to the brittle behavior of these materials
or the effect of high grain boundary density. The average
values areH=25GPa andE=457GPa for sub-micromet-
ric composites, andH=26GPa andE= 453GPa for nano-
metric composites; in agreementwith the data reported by
other authors 41, 42. In general, nano- and sub-micrometer
materials exhibited similar mechanical values.
Table 2 shows wear and friction coefficient values for all
tested materials. As can be seen, the sub-micrometric ma-
terial showed theworst slidingwear resistance in compari-
son with the nanometric material. Indeed, the nanometric
material showed an increment of 1.8 times in wear resis-
tance compared with the sub-micrometric materials. The
wear rate of the ceramics is related to the grain size be-
cause the critical strain for grain boundary cracking de-
creases with increasing grain size and, therefore, the num-
ber of pull-outs is reduced 43. Therefore, the improvement
inwear resistance of the nanometricmaterial should be at-
tributed to the nanometric scale of grain size, which im-
proves itsphysical andchemical andalsomechanical prop-
erties.
FESEMmicrographs of thewear tracks of both compos-
ites after the slidingwear tests are shown inFig. 6. The first
observation clearly shows the influence of an improved
microstructure as in the nanometricmaterials, with regard
to wear mechanisms. Thus, the sub-micrometric compos-
ites in Fig. 6a present theworstwear pattern damage of the
two materials.
Fig. 5: Evolution in nanomechanical properties of alumina-graphene composites as a function of indentation depth and alumina grain size: (a)
hardness and (b) Young’s modulus.
Table 2: Wear and friction coefficient values of evaluated materials.
Samples Vw (10-3 mm3) Kv (10-6 mm3/N⋅m) Friction coefficient
Sub Al2O3-GNPs 6.38±0.11 7.97±0.05 0.61±0.05
Nano Al2O3-GNPs 3.54±0.10 4.42±0.05 0.53±0.05
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Fig. 6: Micrographs of the wear track in the surface of: (a) Al2O3-GNPs sub-micrometric composites and (b) Al2O3-GNPs nanocomposites.
Differentwear process stages are shown inboth compos-
ites: initial wear stage of the nanometric samples and pro-
gressive wear stage of the sub-micrometric samples 43. In
both composites the coexistence of various wear mecha-
nisms is observed: polishing, abrasion, pull-out of grains,
tribolayer formation and brittle fracture.
The increasing resistance of the sub-micrometric com-
posites is provedby the existenceof grooving in the sliding
direction due to abrasion, perpendicular cracks towards
the sliding direction related to brittle fracture, and holes
causedbygrain removal, and tribolayer formation in some
areas. Material removal occurs during the cracking of big
grains and pulling-out of individual grains, which causes
holes in the contact surface. These holes in the contact sur-
face are filled with wear debris platelets generated by the
abrasive mechanism, which contribute to the creation of a
tribolayer in the contact surface.
The tribolayer is a new surface with different mechanical
characteristics compared to the original surface. This tri-
bolayer contributes to the appearance of brittle fracture,
crack formation and the deterioration of the contact sur-
face. Nanocomposite shows a generation of wear debris
(see bright spots in Fig. 6b), which still remains in the slid-
ing surface and can act as a third body in the contact. Pro-
duction of wear debris should be related to the pull-out of
grains in the surface of the nanometric material and to the
wearof the counterpart (Al2O3ball).Also,we canobserve
an adhered material in the contact surface and plowing in
the sliding direction, which causes abrasion. While the re-
duction in the grain size does not prevent pull-out of indi-
vidual grains from the contact surface, it does prevent the
removal of big sections of material.
IV. Conclusions
1. Novel Al2O3-GNPs composites were densified
(∼ 99%) with non-conventional spark plasma sin-
tering technology at 1500 °C and the wet ultrasonic
mixing method and nanometric alumina powder.
2. Raman spectroscopy confirmed the high stability and
uniform distribution of GPS in nano- and sub-micro
composites.
3. The mechanical and tribological properties of Al2O3
matrix composites with additions of GNPs (such as
wear resistance, friction coefficient, bending strength,
hardness) were improved. The methodology of pow-
der mixing had a fundamental importance in obtaining
these nanocomposites with high-level mechanical and
functional properties.
4. TEM images confirm that the occurrence of graphene
nanoplatelets around small matrix grain contributes to
a decrease in grain growth.
5. The sub-micrometric material showed the worst slid-
ing wear resistance in comparison with the nanostruc-
turedmaterial.Therefore, the improvement in thewear
resistance of the nanocomposites should be attributed
to the nature of nanometric scale grain size, which im-
proves its physical and chemical as well as its mechani-
cal properties.
The results of this work indicate the high potential of
GNPs and SPS technology to suit various engineering ap-
plications of ceramic composites.
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